DNA methylation is an epigenetically imposed mark of transcriptional repression that is essential for maintenance of chromatin structure and genomic stability. Genome-wide methylation patterns are mediated by the combined action of three DNA methyltransferases: DNMT1, DNMT3A and DNMT3B. Compelling links exist between DNMT3B and chromosome stability as emphasized by the mitotic defects that are a hallmark of ICF syndrome, a disease arising from germline mutations in DNMT3B. Centromeric and pericentromeric regions are essential for chromosome condensation and the fidelity of segregation. Centromere regions contain distinct epigenetic marks, including dense DNA hypermethylation, yet the mechanisms by which DNA methylation is targeted to these regions remains largely unknown. In the present study, we used a yeast two-hybrid screen and identified a novel interaction between DNMT3B and constitutive centromere protein CENP-C. CENP-C is itself essential for mitosis. We confirm this interaction in mammalian cells and map the domains responsible. Using siRNA knock downs, bisulfite genomic sequencing and ChIP, we demonstrate for the first time that CENP-C recruits DNA methylation and DNMT3B to both centromeric and pericentromeric satellite repeats and that CENP-C and DNMT3B regulate the histone code in these regions, including marks characteristic of centromeric chromatin. Finally, we demonstrate that loss of CENP-C or DNMT3B leads to elevated chromosome misalignment and segregation defects during mitosis and increased transcription of centromeric repeats. Taken together, our data reveal a novel mechanism by which DNA methylation is targeted to discrete regions of the genome and contributes to chromosomal stability.
INTRODUCTION
DNA methylation is a heritable epigenetic mark associated with transcriptionally inactive regions of the genome. In mammals, covalent addition of methyl groups to the C-5 position of cytosine within the CpG dinucleotide is mediated by three DNA methyltransferases, DNMT1, DNMT3A and DNMT3B, and an enzymatically inactive regulatory protein, DNMT3L (1) . Proper establishment of DNA methylation patterns is critical for mammalian embryonic development and maintenance of these patterns in somatic cells is essential for transcriptional regulation, chromatin structure and genome stability (2) . Disruption of DNA methylation patterns during development leads to a variety of human genetic diseases, such as Angelman or Prader -Willi syndrome, and is also a direct and early contributor to cellular transformation (3) . Tumor cells exhibit global hypomethylation, primarily affecting repetitive regions of the genome such as the centromeric and pericentric regions, and gene-specific hypermethylation events targeting CpG island-associated promoters (4) . DNA methylation is intermingled with a complex array of epigenetic marks imparted on the core histones, also known as the histone code. Some histone marks, such as histone H3 lysine 4 (H3K4) trimethylation, are associated with transcriptional activation whereas others, such as H3K9 and H3K27 trimethylation, are associated with transcriptionally repressed regions (5) . The latter two marks often overlap with DNA methylation. It remains largely unknown, however, how DNA methylation is targeted throughout the genome and how it interfaces with the histone code.
Compelling links between DNA methylation and genome stability, particularly during mitosis, have been reported. One of the most dramatic manifestations of this link comes from the study of patients with Immunodeficiency, Centromere instability, Facial anomalies (ICF) syndrome, a rare human disease caused by hypomorphic germline mutations in the DNMT3B gene. While immunodeficiency (defects in B cell function such as reduced immunoglobulin production), facial anomalies (epicanthic folds and flat nasal bridge) and mental retardation/developmental delay constitute common phenotypic abnormalities among ICF patients, one of the disease's most defining features is loss of DNA methylation from centromeric and pericentromeric repeat regions (alpha satellite and satellite 2/satellite 3 repeats, respectively) and marked loss of chromosomal condensation during mitosis (6, 7) . Chromosome 1 and to a lesser extent chromosomes 9 and 16 are the most affected by DNA hypomethylation in ICF patients. Pericentromere-region decondensation in ICF cells leads to formation of multiradials involving the decondensed chromosomes, translocations and telomeric associations (6) . Interestingly, DNMT3B localizes to both centromeric and pericentromeric regions in mouse and human cells (8) and Dnmt3a/Dnmt3b-deficient ES cells exhibit significantly elevated rates of centromeric sister chromatid exchange (9) . Taken together, these findings suggest that DNMT3B plays a critical role in chromosomal stability and maintenance of peri-/centromeric region chromatin structure. Exactly how DNMT3B accomplishes this function and is targeted to the centromeric region remains unclear.
The kinetochore, which assembles at the primary constriction and is made up of large protein complexes and centromeric heterochromatin, is critical for proper chromosome alignment by providing an attachment site for spindle microtubules needed for chromosome movement. On the basis of electron microscopy studies, the kinetochore is made up of an inner plate, comprised constitutive centromere proteins such as CENP-A and CENP-C and centromeric heterochromatin, and an outer plate composed of microtubule binding and motor proteins, separated by an electron-translucent middle domain (10) . Epigenetic determinants play a dominant role in establishing centromere function and position. For example, while alpha satellite DNA is present at all human centromeres, there is no homology between centromeric repeat sequences across species (10) . In contrast, the complement of proteins and epigenetic marks present at the centromere are highly conserved. Centromeric chromatin in humans contains interspersed blocks of CENP-A and H3-containing nucleosomes (11) . Human centromeric chromatin is flanked by pericentromeric heterochromatin enriched in repressive H3K9 di-and trimethylation. Centromeric H3 nucleosomes are marked by H3K4 dimethylation, a mark associated with transcriptional permissiveness and by a lack of H3 and H4 acetylation, marks associated with transcriptionally active regions (12) . Other studies using chromatin immunoprecipitation (ChIP) have revealed enrichment of H3K9 dimethylation at alpha satellite DNA and to a lesser extent H3K9 trimethylation and H3K27 mono-and trimethylation. H3K9 dimethylation may act as a boundary between centromeric chromatin containing CENP-A and pericentromeric heterochromatin containing H3K9 trimethylation (13) . These findings suggest that a balance between repressive heterochromatin and CENP-A-containing heterochromatin is essential for proper centromere function.
CENP-C, like CENP-A, localizes to all active centromeres, neocentromeres and the active centromere of dicentric chromosomes throughout the cell cycle. While there is clear evidence that CENP-C binds alpha satellite DNA, it remains unclear whether it is truly sequence-specific (14) . CENP-C also localizes to neocentromeres, which do not contain alpha satellite arrays, suggesting that DNA sequence alone is insufficient for CENP-C targeting. Cenp-c knockout mice are embryonic lethal at or before the implantation stage and cells derived from these embryos display irregular nuclear morphology and micronuclei. In addition, mitotic chromosomes are highly disorganized and do not segregate properly (15) . Conditional deletion of CENP-C in chicken DT40 cells induces mitotic delay, aneuploidy and chromosome missegregation, implicating CENP-C as an important player in the metaphaseto-anaphase transition (16) .
In the present study, we sought to better understand the mechanisms by which DNA methylation and DNMT3B are targeted throughout the genome by identifying new DNMT3B-interacting proteins. We therefore undertook an exhaustive yeast two-hybrid screen using full-length DNMT3B as bait and a human testis cDNA library as prey. We discovered multiple independent clones encoding the constitutive centromere protein CENP-C and confirmed that fulllength CENP-C interacted with DNMT3B in yeast using a b-galactosidase assay. The CENP-C -DNMT3B interaction was further confirmed by co-immunoprecipitation (co-IP) in human cells and further supported by immunofluorescence microscopy. We then examined the function of this interaction in regulating centromeric DNA methylation, histone marks, transcription and mitotic fidelity. SiRNA knockdown of CENP-C led to a significant loss of DNA methylation, marked changes in the histone code and reduced DNMT3B binding at centromeric and pericentromeric regions. DNMT3B siRNA knockdown also led to reduced CENP-C binding. Finally, knock downs of CENP-C or DNMT3B led to enhanced centromeric transcription and elevated mitotic chromosome instability. Taken together, these data reveal a novel link between DNMT3B and centromere dynamics and suggest that CENP-C and DNMT3B mutually reinforce each other's recruitment and play a significant role in regulating epigenetic marks at the centromere.
RESULTS
Yeast two-hybrid screening reveals that DNMT3B interacts with CENP-C Although several DNMT3B interacting proteins have been identified by us and others, there is much that we do not understand regarding how DNMT3B is targeted throughout the genome and why its loss leads to chromosomal instability in ICF syndrome (6, 17, 18) . We therefore undertook a yeast twohybrid screen using full-length Dnmt3b1 as bait and a human testis cDNA library as prey. We have shown previously that DNMT3B is highly expressed in human testis (19) and presumably its interacting partners are also highly expressed there. We established an AH109 yeast strain stably expressing full-length murine Dnmt3b1 fused to the GAL4 DNA binding domain (DBD, data not shown), then used this strain to transform and screen the human testis cDNA library fused to the GAL4 activation domain (AD). Approximately 1 Â 10 7 independent clones from the library were screened under highstringency conditions (-Ade/His/Leu/Trp plus blue/white screening). Positive clones were restreaked to confirm growth and color phenotype and then episomal DNA was isolated and sequenced. This analysis identified three clones that encoded portions of the constitutive centromere protein CENP-C (Fig. 1 , the largest clone encompassed amino acid 200-943 of CENP-C). Human DNMT3B1 also interacted with CENP-C and a nearly full-length CENP-C interacted with Dnmt3b1 (Fig. 1) .
We then set out to map the regions of DNMT3B and CENP-C that mediate the interaction. To accomplish this, the Y190 yeast strain was co-transformed with GAL4-AD -CENP-C and a series of Dnmt3b deletion constructs fused to the GAL4-DBD and interaction assessed using a b-galactosidase assay. The extreme N-terminal region of Dnmt3b from amino acids 1 -140 was required for interaction with CENP-C (Fig. 1B) . Using a similar strategy with fulllength Dnmt3b1 and a series of CENP-C deletion mutants, we identified an interaction with the C-terminus of CENP-C encompassing amino acids 638 -943 (Fig. 1C) , although this region was unable to reconstitute full interaction strength with Dnmt3b1, suggesting that other regions of CENP-C may also be important (to be addressed later).
DNMT3B interacts with constitutive centromere protein CENP-C and is a component of the mammalian centromere
To further confirm and characterize the interaction between DNMT3B and CENP-C, and demonstrate its relevance in human cells, we performed co-IPs following transient co-transfection of 293T cells with FLAG-tagged DNMT3B1 and HA-tagged CENP-C. FLAG-DNMT3B1 immunoprecipitated HA-CENP-C and vice versa in reciprocal co-IP assays ( Fig. 2A, top panels) . In addition, antibody against the endogenous protein was also able to reciprocally co-IP the ectopically expressed DNMT3B or CENP-C ( Fig. 2A, lower  panel) . To gain further evidence that this is indeed a physiologically relevant interaction, we prepared nuclear extract from untransfected HeLa cells for co-IP. Using two different antibodies directed against CENP-C and one directed against DNMT3B, we readily detected an interaction between DNMT3B and CENP-C (Fig. 2B ). This interaction was detectable in nuclear extracts derived from unsynchronized cells and from HeLa cells synchronized by double thymidine block and harvested at the G1/S boundary (Supplementary Material, Fig. S1 ) and in M phase (Fig. 2B) .
CENP-C is known to reside in a complex with constitutive centromere protein CENP-A in a CENP-C/CENP-B/CENP-A nucleosome complex (20) . To gain additional support for our findings that DNMT3B is a centromere-associated protein, we asked whether DNMT3B would co-IP with CENP-A, presumably via its interaction with CENP-C. Indeed, we detected such an interaction in cells transiently co-transfected with FLAG-CENP-A and HA-DNMT3B1 (Fig. 2C) . As a control, we also showed that CENP-C co-immunoprecipitated with CENP-A from nuclear extracts (Fig. 2B, right panel) . This finding lends additional support for DNMT3B as a centromere-associated protein.
Mapping the region on CENP-C that interacts with DNMT3B in yeast cells showed that amino acids 638 -943 were at least partially responsible, but could not reconstitute b-galactosidase activity to the levels of full-length CENP-C. Although this may reflect expression levels of the deletion constructs in yeast, it suggested to us that other regions of CENP-C may play a role. To examine this directly, we co-transfected a series of HA-tagged CENP-C deletion constructs (Fig. 3A) , and FLAG-DNMT3B1, into 293T cells and performed co-IPs with FLAG antibody. This analysis confirmed the importance of the C-terminal region of CENP-C in interacting with DNMT3B and allowed this domain to be further refined to include amino acids 638 -760 ( Fig. 3A and B, region 2). Interestingly, however, the central region of CENP-C (amino acids 426 -537) was also capable of interacting with DNMT3B ( Fig. 3A and B, region 1). These two regions of CENP-C mediate its recruitment to centromeres (amino acids 426-537) and its ability to bind alpha-satellite DNA (amino acids 638 -943) (21) . All CENP-C deletion constructs expressed at comparable levels in 293T cells (Fig. 3C) . Taken together, these data reveal that DNMT3B interacts with two discrete functional domains of CENP-C and is present at the human centromere.
A fraction of DNMT3B co-localizes with CENP-C most highly during metaphase
We and others have shown that DNMT3B co-localizes with centromeric and pericentromeric regions and 'paints' the mitotic chromosomes using immunofluorescence microscopy (8, 18) . In order to examine the extent of co-localization of DNMT3B and CENP-C, we transfected HeLa cells with green fluorescent protein (GFP)-tagged DNMT3B1 and stained transfected cells with an antibody against endogenous CENP-C. Interphase cells displayed a wide nuclear distribution of DNMT3B1 with some concentration in DAPI-dense heterochromatic regions, whereas CENP-C was present in a small number of discrete foci (Fig. 4, top panels) , which co-localized with anti-centromere antibody staining (data not shown). Closer examination of the DNMT3B staining revealed that there were discrete foci of DNMT3B within the more diffuse nucleoplasmic staining and these DNMT3B foci often co-localized with or were adjacent to CENP-C foci (Fig. 4, top panels) . These data are consistent with our ability to co-IP DNMT3B and CENP-C throughout the cell cycle. During the early stage of mitosis (prophase), more DNMT3B foci begin to co-localize with CENP-C. Co-localization peaks during metaphase, where there is clear enrichment of DNMT3B at CENP-C-containing foci (Fig. 4 , middle panel). During anaphase less DNMT3B and CENP-C foci co-localize and this declines further during telophase (Fig. 4) . Taken together, these results demonstrate that although it has a wide distribution in the nucleus, discrete foci of DNMT3B exist adjacent to or coincident with CENP-C foci and human centromeres.
CENP-C influences centromere-region DNA methylation levels
To test whether CENP-C is involved in regulating DNA methylation at the centromere by recruiting DNMT3B, we transfected human HCT116 colorectal carcinoma cells with siRNA directed against CENP-C. We also separately knocked down DNMT3B expression by siRNA in HCT116 cells as a comparison. The siRNAs efficiently reduced the levels of both CENP-C and DNMT3B mRNA and protein (Supplementary Material, Fig. S2 ). We then used bisulfite genomic sequencing (BGS) to examine the effect of the knock downs on DNA methylation at the centromeric alpha satellite repeat and the pericentromeric satellite 2 repeat. Interestingly, BGS revealed that HCT116 cells depleted for CENP-C or DNMT3B exhibited nearly 30 and 20% reductions in DNA methylation at the alpha satellite repeat region, respectively (Fig. 5A , top panel and Supplementary Material, Fig. S3 ). These reductions were highly significant. Seven CpG sites were examined in the alpha satellite PCR BGS amplicon and all were moderately affected by CENP-C knock down except CpG #1, whereas all sites except CpG #4 (which was never methylated in our clones) and #7 were hypomethylated upon DNMT3B siRNA knock down (Fig. 5B ). CpG sites 1 and 2 are within the CENP-B box and their DNA methylation status is known to regulate CENP-B binding (22) . In comparison, siRNA knock down of CENP-C or DNMT3B both led to an 20-25% reduction in pericentromeric satellite 2 repeat Fig. S4 ). Taken together, this analysis reveals that CENP-C is at least partially responsible for targeting DNA methylation to the centromeric region. Given that our siRNA knock downs are not 100% efficient, the effect might be expected to be even more dramatic in cells completely deficient for CENP-C, which are not viable (15) . Although we expected siRNA knock down of DNMT3B to influence pericentromeric DNA methylation levels, surprisingly, CENP-C also significantly affected DNA methylation within this region, suggesting CENP-C broadly affects epigenetic marks within the centromeric region or, alternatively, at pericentromeric heterochromatin immediately adjacent to centromeric heterochromatin. Given that we are examining repetitive sequences, we cannot precisely determine which repeats within the centromere or pericentromere are most affected.
CENP-C and DNMT3B mutually reinforce each other's binding and exert profound effects on centromere-region histone marks
Given that CENP-C is required for normal levels of DNA methylation in the centromeric region, we next asked what influence CENP-C and DNMT3B exert on the histone code at the centromere. We therefore knocked down CENP-C or DNMT3B in HCT116 cells with siRNA and prepared soluble chromatin by micrococcal nuclease digestion. We then performed ChIP examining levels of histone marks associated with transcriptional activity/permissiveness (diand trimethylated H3K4 and H3 acetylated at K9 and K18) and transcriptionally repressed regions (di-and trimethylated H3K9 and H3K27), followed by quantitative PCR for alpha satellite or satellite 2. Consistent with other reports, we detected histone marks characteristic of both permissive and repressive chromatin at the centromere, while the pericentric region was enriched primarily for repressive histone marks (Fig. 6) (13,23) . Upon siRNA knock down of CENP-C, there was a marked loss of dimethylated H3K4 and acetylated H3 at the alpha satellite repeat. In addition, alpha satellite chromatin gained di-and trimethylated H3K9 and dimethylated H3K27 (Fig. 6A, left panel) . SiRNA knock down of DNMT3B, like CENP-C, resulted in increased di-and trimethylated H3K9 and trimethylated H3K4, but in contrast to CENP-C knock down, resulted in increased H3 acetylation and H3K4 dimethylation (Fig. 6A) . The histone code changes we observed were not the result of alterations in total levels of histone H3 or CENP-A occupancy, as these remained constant in all knock downs (Fig. 6A) . These results therefore demonstrate that CENP-C and DNMT3B regulate aspects of the histone code at the centromere and suggest that loss of either one may permit the encroachment of pericentromeric histone marks into the centromere.
We extended this analysis to the pericentromeric satellite 2 region. Upon CENP-C knock down, there was an increase in dimethylated H3K9 and loss of trimethylated H3K9 and K27 and acetylated H3 at satellite 2 repeats (Fig. 6B) . Unlike the centromeric region, CENP-C knock down did not alter the relatively low level of H3K4 methylation we detected at satellite 2 repeats. When we knocked down DNMT3B, levels of trimethylated H3K9 and H3K27 decreased and levels of diand trimethylated H3K4, H3 acetylation and dimethylated H3K27 increased at satellite 2 repeats (Fig. 6B, left panel) . There was no change in the total level of histone H3 or CENP-A, and CENP-A enrichment was much lower at the pericentric compared with the centromeric region, consistent with what is known about CENP-A's localization (Fig. 6B) . DNMT3B therefore appears to help maintain primarily repressive histone marks in pericentromeric heterochromatin, since its loss resulted in an increase in H3K4 methylation and the 'intermediate' marks H3K9/K27 dimethylation. DNMT3B and CENP-C may have a role in regulating the transition between centromeric and pericentromeric chromatin, since both proteins influenced H3K9 dimethylation, a mark proposed to demarcate this boundary (13) .
Lastly, we performed ChIP to assay binding of HP1a, DNMT3B and CENP-C. HP1a binds to and interacts with components of both centromeric and pericentromeric chromatin and is essential for cohesin recruitment and mitotic chromosome segregation (24, 25) . SiRNA knock down of both CENP-C and DNMT3B led to a precipitous reduction in HP1a binding (Fig. 6A-B) . Significantly, upon knock down of CENP-C there was marked loss of DNMT3B binding at both the alpha satellite and the satellite 2 regions (Fig. 6A-B, right panels) . CENP-C binding was also reduced consistent with the siRNA knock down efficiency we observed (Supplementary Material, Fig. S2 ). Knock down of DNMT3B in HCT116 cells also resulted in a small but reproducible decrease in CENP-C binding. Given that the siRNA knock down was not 100% efficient, we confirmed this result using HCT116 cells engineered to contain a genetic knockout of DNMT3B (3BKO). ChIP from parental versus 3BKO HCT116 cells revealed a consistent 2 -3-fold decrease in the binding of CENP-C at both regions analyzed ( Supplementary  Material, Fig. S5 ). These results therefore suggest that CENP-C and DNMT3B, or the epigenetic marks they regulate, are involved in mutually reinforcing each other's binding to the centromeric region. Finally, we show that the effect of CENP-C knock down on the histone code and factor binding was restricted to the centromere because none of the examined modifications were altered at a transcriptionally repressed tumor suppressor gene (WIF1) (26) or a constitutively active housekeeping gene (GAPDH), and CENP-C was not enriched above the IgG background at either locus ( Supplementary  Material, Fig. S6 ).
Functional consequences of disrupting the CENP-C -DNMT3B interaction on centromere function
Links between DNMT3B and CENP-C have separately and in other systems been linked to chromosomal stability and proper mitotic progression (16, 27) . In order to directly assess the function of the CENP-C -DNMT3B interaction in relation to chromosomal stability using our systems, we used siRNA to knock down CENP-C or DNMT3B in HCT116 cells (which have a relatively normal karyotype) and then monitor for chromosomal alignment or segregation defects during mitosis. Following the siRNA transfection, cells were synchronized with a double thymidine block, released and then fixed 8 -9 h later (when cells entered M phase). Cells were then stained with Hoescht 33352 (for DNA), anti-centromere antibody and antitubulin antibody (mitotic spindle) and then visualized using immunofluorescence microscopy. The major mitotic defects we noted in knock down cells were chromosomes that had not properly aligned at the metaphase plate (misaligned chromosomes) and cells in anaphase with lagging chromosomes or bridges (anaphase bridges). Representative examples of these defects are shown in Figure 7A -B and were rare in mock transfected cells. Quantitation revealed that both misaligned chromosomes and anaphase bridges were significantly elevated in the DNMT3B and CENP-C knock down cells relative to the mock (Fig. 7C-D) . Anaphase bridges were somewhat more common in CENP-C knock down cells, whereas misaligned chromosomes were more frequent in DNMT3B knock down cells. Thus, CENP-C and DNMT3B both contribute to proper mitotic progression and chromosomal segregation.
Results from other laboratories have shown that centromeric and pericentric repeats are transcribed in both murine and human cells in a cell cycle-or stress-dependent manner (24) . Maintenance of centromeric transcripts at proper levels is important for mitosis and chromosomal segregation; with forced over-expression leading to defects in segregation and altered centromeric epigenetic marks (24, 28, 29) . Given the known role for DNA methylation and the histone code in regulating transcription, and the elevated mitotic defects we observed upon CENP-C and DNMT3B knock down, we asked whether centromeric transcription was altered in our knock down cells. We therefore isolated RNA from CENP-C and DNMT3B siRNA transfected HCT116 cells for quantitative or semi-quantitative reverse transcriptase (RT)-PCR reactions to detect levels of alpha satellite and satellite 2 transcripts, respectively. We were unable to develop quantitative RT -PCR primers for the satellite 2 repeats. Levels of alpha satellite transcripts were markedly elevated in both knock downs relative to the mock transfection control (Fig. 8A) . Following siRNA knock down of CENP-C or DNMT3B, levels of satellite 2-derived transcripts were also elevated, with the CENP-C knock down having a greater effect than DNMT3B knock down (Fig. 8B) . We also con- Figure 6 . CENP-C and DNMT3B modulate epigenetic marks at the centromeric and pericentromeric regions. Chromatin immunoprecipitation (ChIP) and quantitative PCR were used to evaluate the effect of CENP-C (light gray bars) or DNMT3B (dark gray bars) siRNA knock down in HCT116 cells, relative to a mock transfection (black bars). (A) ChIP for the indicated histone marks, HP1a and histone H3/CENP-A (left graph) or DNMT3B and CENP-C (right panel) followed by PCR for alpha satellite DNA. (B) ChIP with the same panel of antibodies as in (A) followed PCR for satellite 2 sequences. Results are presented as the average fold-enrichment relative to the input (1% of the supernatant from the IgG ChIP reaction). All reactions were repeated at least in triplicate from two independent siRNA knock downs. The error bar denotes the standard deviation from the mean. A similar analysis of control single copy genes (WIF1 and GAPDH) is shown in Supplementary Material, Figure S6 . The scale in the right panels was expanded as the ChIP signal for CENP-C and DNMT3B was generally lower than that of the histone marks. IgG-negative control ChIP with normal rabbit IgG to determine background binding, 2XMe, 3XMe-di-and trimethylated forms, Acacetylation.
firmed the elevated centromeric and pericentromeric transcription in HCT116 3BKO cells, although the effect was less dramatic possibly due to the acquisition of compensatory epigenetic marks during long-term selection of the knockout lines (Fig. 8A -B) . Taken together, these data demonstrate that loss of CENP-C results in DNA hypomethylation, altered epigenetic marks and elevated centromeric transcription in human cells. Increased transcript levels from these regions may, in turn, contribute to the enhanced genomic instability we observed.
DISCUSSION
In the present study, we identified a novel interaction between de novo methyltransferase DNMT3B and constitutive centromere protein CENP-C using a yeast two-hybrid screen. We confirmed this interaction in multiple ways in mammalian cells and mapped the domains on each protein responsible for the interaction. Using siRNA-mediated knock downs of DNMT3B and CENP-C, we showed that CENP-C recruited DNA methylation and DNMT3B to the centromere and, to a lesser extent, the pericentromeric region of human chromosomes. In addition, both proteins played an important role in regulating the histone code and DNA methylation at the centromere, with knock down of either one leading to alterations in marks which typify this region. Loss of either CENP-C or DNMT3B led to enhanced chromosome alignment and segregation defects during mitosis. This effect may be mediated, at least in part, by elevated centromeric transcription in knock down cells, which is known to regulate mitotic chromosome dynamics (28) . These studies therefore reveal a novel mechanism for Figure 7 . Disrupting the CENP-C-DNMT3B interaction results in enhanced mitotic defects. HCT116 cells were transfected with siRNA against CENP-C or DNMT3B or were mock transfected. Following transfection, cells were synchronized, released and then fixed during M phase. Cells were then stained for DNA (blue panels), the centromere (anti-centromere antibody, green) and the mitotic spindle with anti-tubulin antibody (red). Mock transfected cells showed few mitotic defects, whereas cells with reduced levels of CENP-C or DNMT3B demonstrated elevated mitotic defects (misaligned chromosomes and anaphase bridges). (A and B) Representative images of cells undergoing normal or defective mitoses. (C and D) Quantification of mitotic defects in mock or siRNA knock down cells. At least 50 mitotic cells were counted from three independent siRNA knock downs. Statistical significance was evaluated using the Students t-test. Scale bar-10 mM.
recruiting DNMT3B and DNA methylation to a discrete region of the genome-the centromere-and they demonstrate new roles for DNMT3B and CENP-C in regulating mitotic fidelity and centromere-region epigenetic marks, further underscoring the link between DNA methylation and the histone code. Our results also suggest that aberrations in DNMT3B in cancer cells, such as altered expression, alternative splicing or DNMT3B mutations in ICF syndrome cells, may contribute to genomic instability by reducing CENP-C function and/or recruitment.
Little is known about how DNA methylation is targeted throughout the genome and how it interfaces with the histone code. Interactions between DNMT3B and the H3K9 trimethylating enzyme SUV39H1, for example, play a role in targeting DNA methylation to the murine pericentromeric region. Interestingly, however, methylation targeting to the centromere was independent of SUV39HI (17). Chen et al. (30) showed that the PWWP domain, within the N-terminal regulatory region, mediates DNMT3B's recruitment to pericentromeric regions. Deletion of the PWWP domain resulted in loss of DNA methylation at murine major satellite repeats. Re-expression of WT Dnmt3b in highly demethylated Dnmt3a/Dnmt3b double knockout ES cells resulted in remethylation of major and minor satellite repeats, demonstrating that both regions are bona fide Dnmt3b targets, consistent with our data. Interestingly, however, re-expression of PWWP-deleted Dnmt3b in double knockout ES cells destroyed its ability to remethylate the major, but not the minor satellite repeat showing that distinct regions of Dnmt3b are responsible for targeting it to centromeric and pericentric regions (30) . The region of interaction between DNMT3B and CENP-C that we mapped is N-terminal to the PWWP domain (amino acids 1 -140 for CENP-C interaction) and suggests that DNMT3B's interaction with CENP-C independently targets it to the centromere. This interaction could also account for the SUV39H1-independent mechanism of DNA methylation targeting to the centromere reported by Lehnertz et al. (17) . Cancer cells are known to not only express elevated levels of DNMT3B, but also alternatively spliced DNMT3B isoforms (19, 31, 32) . Some of these transcripts are predicted to lack part, or all, of the CENP-C interaction domain. On the basis of our results, expression of these variants may uncouple the DNMT3B -CENP-C interaction and lead to altered epigenetic marks within the centromeric region and reduced CENP-C binding. This, in turn, may enhance genomic instability, a hallmark of cancer cells. It will be of interest to test such ideas in future studies.
Our findings presented here tie in well with a recent paper showing that CENP-B regulates DNA methylation and the histone code at centromeric regions (33) . CENP-B resides in a chromatin complex with CENP-A and CENP-C (20) and binds alpha-satellite DNA in a sequence-specific manner at the CENP-B box. Okada et al. (33) demonstrated that CENP-B promotes de novo DNA methylation and assembly of repressive H3K9 trimethylation-containing chromatin, mediated by SUV39H1, on alpha satellite DNA when integrated into a chromosome with an already functional centromere, but promotes de novo centromere formation of extrachromosomal alphoid DNA arrays. Since binding of CENP-B itself is methylation sensitive, it appears to promote DNA methylation at adjacent CpG sites. CENP-B's interaction with CENP-C may therefore provide a means to recruit DNA methylation to centromeric sites, although CENP-C is also capable of binding to centromeres independent of CENP-B (16) . A direct interaction between DNA methyltransferases and CENP-B was not demonstrated in the prior study (33) . When we knocked down CENP-C and DNMT3B in HCT116 cells, the alpha satellite and satellite 2 regions lost 20-30% of their DNA methylation. Losses of this magnitude are comparable to those reported in a recent RT-PCR reactions were repeated three times and a representative ethidium bromide stained agarose gel photo is shown. Bands were quantified using BioRad Quantity One software and set relative to an independent amplification for GAPDH (lower panel). Although samples were DNase treated, we included a no RT (-RT) control to ensure that we were not amplifying contaminating satellite DNA in the RNA preparation.
bisulfite-based analysis of satellite 2 hypomethylation in glioma (34) . Although we are not aware of other studies examining alpha satellite methylation in cancers using bisulfite sequencing, this region is well known to become hypomethylated in tumors (35) . These studies, coupled with our data, suggest that disruption of the CENP-C-DNMT3B interaction could contribute to hypomethylation and genomic instability, predisposing to cancer.
Given the tight relationship between CENP-C and centromere function, we were somewhat surprised to find that CENP-C bound to the pericentromeric satellite 2 repeat by ChIP. This may be due to CENP-C complexes binding at interface regions between alpha satellite and satellite 2 chromatin as the exact size of these domains has not been defined and they may be rather fluid since they are epigenetically determined. Interestingly, loss of CENP-C or DNMT3B led to elevated H3K9 dimethylation at the alpha satellite, a mark thought to reside at this boundary region (13) . Knock down of CENP-C and DNMT3B led to an increase in the repressive pericentromeric heterochromatin mark H3K9 trimethylation at the centromere and a reduction in this mark in pericentric regions, suggesting that one function of the DNMT3B -CENP-C interaction is to regulate the size of each region. That this boundary is of functional significance is underscored by a recent report showing that when a potent transcriptional repressor is targeted to a human artificial centromere, it resulted in marked centromere dysfunction and loss of CENP-A and H3K4 dimethylation, likely through nucleating the formation of more classic heterochromatin (36) .
HP1 binding to trimethylated H3K9 at pericentromeric heterochromatin is required for proper chromosome cohesion and segregation. Transcription of pericentromeric heterochromatin is upregulated during mitosis then abruptly repressed at the metaphase to anaphase transition. Condensin, which interacts with DNMT3B (18), binds to chromatin during mitosis and represses pericentromeric transcription during M phase in yeast (37) . In mammals, DNMT3B may be independently recruited to both centromeric (via CENP-C) and pericentromeric regions (possibly via condensin) to repress satellite repeat transcription by DNA methylation and/or recruitment of repressive histone marks. HP1, which is displaced from chromosomes at the beginning of mitosis, rebinds at the metaphase to anaphase transition, which also coincides with elevated condensin binding and repression of pericentromeric transcription (38 -40) . Interestingly, in yeast transcription of pericentromeric heterochromatin and the subsequent incorporation of these transcripts into the RNAi machinery is required for initial establishment of CENH3 (homologous to mammalian CENP-A) at centromeres (41) , suggesting that heterochromatin plays an essential role in centromere formation and/or maintenance. In addition, neocentromeres, which form at euchromatic sites but are functionally similar to normal human centromeres and bind CENP-A and CENP-C, have significantly elevated levels of DNA methylation compared with the same region on the chromosome with the centromere at its normal position. Consistent with this, inhibition of DNA methylation with 5-azadC treatment led to neocentromere hypomethylation and elevated mitotic instability (42) . It remains unknown to what extent pericentromeric heterochromatin contributes to CENP-A recruitment in mammals, however, given the importance of DNA methylation to mammalian cells, it is not unreasonable to hypothesize that the recruitment of DNMT3B, along with a myriad of other epigenetic modifiers, has been co-opted to help recruit CENP-A to centromeric regions.
Several other connections between DNA methylation, centromere function and condensin are worthy of note. In addition to repressive histone modifications, pericentric regions are marked by H3S10 phosphorylation during G2 mediated by aurora B kinase. Aurora B is recruited preferentially to large pericentromeric domains (e.g. chromosomes 1, 9 and 16), which, as we have shown here, are targets of DNMT3B and are preferentially susceptible to mitotic defects in ICF syndrome cells (6) . Interestingly, aurora B co-localizes with densely staining 5-methylcytosine foci during mitosis. Disruption of DNA methylation by 5-azadC treatment inhibits aurora B recruitment to pericentromeric regions leading to loss of H3S10 phosphorylation (43) . Aurora B is also a critical player in recruiting other chromatin complexes essential for mitotic chromosome segregation. For example, phosphorylation of CENP-A by aurora A and B kinases is essential for kinetochore function (44) . Aurora B also regulates the association of condensin I and condensin II with mitotic chromosomes. Inhibition of aurora B, in turn, leads to reduced condensin recruitment and subsequent defects in mitosis (45, 46) . Although we do not know, at present, the sequence of events leading to recruitment of these various factors or if DNMT3B interfaces with aurora B directly, it is tempting to speculate that DNMT3B itself bound at the centromere, or DNA methylation of alpha satellite and satellite 2 repeats mediated by DNMT3B, is involved in recruiting other factors such as aurora B, condensin or HP1 proteins. In support of this notion, the localization of all HP1 isoforms is markedly altered in ICF syndrome cells (47) . Alternatively, DNMT3B may help stabilize the binding of these proteins at the centromere once recruited by other factors. It will be of significant interest to test these models as part of future studies as they have important implications for defining the mechanisms responsible for the chromosomal instability thought to underlie many cancers.
MATERIALS AND METHODS

Yeast two-hybrid screening
The Matchmaker Two-Hybrid System 3 (Clontech) was used to screen a human adult testis cDNA library (Clontech) with full-length Dnmt3b1 as bait according to the manufacturer's instructions. Expression of the Dnmt3b-bait fusion protein in yeast was confirmed by western blotting with anti-GAL4-DBD antibody (Santa Cruz Biotechnology, data not shown). The library screen was performed using yeast strain AH109 stably expressing full-length Dnmt3b1 under high-stringency conditions (Ade 2 , His 2 , Leu 2 , Trp 2 media) using sequential transformation. Approximately 1 Â 10 7 clones were screened and positives from the primary screen were re-streaked on the same media and confirmed with a liquid b-galactosidase assay. Plasmid DNA from positive colonies was isolated, transformed into E. coli, and sequenced to identify clones. Plasmids for the bait and the library clone identified by sequencing were co-transformed into yeast strain Y190 (using Trp 2 , Leu 2 media), and the interaction was verified with a b-galactosidase assay. The b-galactosidase activity was calculated using the formula:1000 Â OD 420 =ðt Â V Â OD 600 Þ, where t = incubation time, V = 0.1 ml Â dilution factor and OD 600 = A 600 of 1 ml of culture and is represented in Miller units where 1 U of b-galactosidase is defined as the amount which hydrolyzes 1 mmol of o-nitrophenyl-b-galactoside to o-nitrophenol and D-galactose per minute per cell.
Plasmids
Creation of the full-length Dnmt3b1 GAL4-DBD fusion protein for yeast expression was described previously (48) . The full-length DNMT3B1 cDNA was cloned into the EcoRI and XhoI sites of pCMV-Tag2A (Stratagene) and pEGFP-C2 mammalian expression vectors (Clontech) to create FLAG-and GFP-tagged fusion constructs, respectively. Creation of the HA-tagged full-length and deletion mutant CENP-C constructs are described by Trazzi et al. (21) . HA-Dnmt3a and HA-DNMT1 plasmids were described previously (48, 49) .
Cell lines
HeLa and parental HCT116 cells were purchased from the American Type Culture Collection. Isogenic HCT116 cells with a knockout of the DNMT3B gene (3BKO) were provided by Dr Bert Vogelstein (Johns Hopkins University). Cells were cultured in McCoy's-5A medium supplemented with 10% heat-inactivated fetal bovine serum and 2 mM L-glutamine (Invitrogen).
ChIP and qPCR
ChIP was performed as described by Lefevre and Bonifer (50) . Briefly, formaldehyde cross-linked cells were lysed in buffer containing 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 5 mM MgCl 2 and 0.2% NP-40 for 1 h at 48C. The supernatant was discarded and the nuclei were resuspended in glycerol buffer (10 mM Tris-HCl, pH 7.4, 0.1 mM EDTA, 5 mM MgAc 2 and 25% glycerol). To generate nucleosomal material, nuclei were resuspended in an equal volume of 2Â MNase buffer containing 50 mM KCl, 8 mM MgCl 2 , 2 mM CaCl 2 , 100 mM Tris -HCl, pH 7.4 and treated with 100 U/ml for micrococcal nuclease for 15 min at 378C. The reaction was stopped by adding EDTA to a final concentration of 10 mM. The digested nuclei were resuspended in immunoprecipitation buffer containing 25 mM Tris -HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100 and 0.1% SDS. The sample was cleared of debris by centrifugation at 1500 g for 5 min and the supernatant was used as the chromatin template for ChIP -PCR reactions. After MNase treatment, the ChIP experiment was performed similarly to conventional ChIP (51) . Purified, immunoprecipitated DNA was analyzed by quantitative PCR. The change in binding was represented as fold-enrichment compared with the input signals where the supernatant from the irrelevant antibody served as a positive control ('input', 1% of the ChIP material). Antibodies used in ChIP experiments are listed in Supplementary Material, Table S1 .
Quantitative PCR was performed to evaluate the binding of DNMT3B and CENP-C as well as the level of histone modifications at the alpha satellite and satellite 2 repeat regions. The human WNT inhibitory factor-1 (WIF1) and human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene promoter regions were used as inactive (26) and active single copy gene comparisons, respectively. The enrichment was calculated with respect to the input DNA (2 (Ct(Input)2Ct(sample) ). Primers used for these regions are listed in Supplementary Material, Table S2 .
Immunofluorescence
HeLa cells were grown on 22 mm 2 glass coverslips in six-well plates. Cells were transfected with GFP-DNMT3B expression constructs using TransIT-LT1 transfection reagent according to the manufacturer's protocol (Mirus). The cells were fixed with 2% paraformaldehyde in 1Â PBS, pH 7.0 48 h posttransfection. Cells were permeabilized with 0.5% Triton X-100 and incubated with anti-CENP-C antibody (Abcam) diluted 1:50 in 1Â PBS with 0.1% Tween-20 for 1 h at room temperature. The cells were washed three times with PBST and subsequently incubated with anti-mouse-TRITC secondary antibody. Cells were washed and stained with Hoechst 33342 for DNA before being mounted onto a glass slide using fluoromount G (Southern Biotech). For mitosis studies, HeLa cells were synchronized as described previously (18) . Briefly, HeLa cells were transfected (as described above) for 24 h, after which they were subjected to a single thymidine block (2.5 mM thymidine) for 17 h and subsequently washed and allowed to recover in complete medium. After 8 -9 h, cells were fixed with 2% paraformaldehyde and subjected to immunostaining. The single thymidine block resulted in an enrichment of mitotic cells (40% of the cells plated were in M-phase). Images were captured using a Nikon TE-2000 inverted microscope and deconvolved using Nikon Elements advanced software.
Mitotic defect analysis
Immunofluorescence analysis of HCT116 cells for the presence of mitotic defects was performed after transfecting cells with CENP-C or DNMT3B siRNA in comparison to the control (mock) treatment. Cells were stained with antibodies to the centromere (anti-centromere antibodyAntibodies, Inc.) and a-tubulin (Calbiochem) and counterstained with Hoechst 33352 for DNA. Mitotic cells with misaligned centromeres or chromosome bridges from three independent HCT116 CENP-C, DNMT3B or mock transfections were counted and the statistical significance was evaluated using the Students t-test.
Immunoprecipitation and western blotting
Whole cell extracts from transfected HCT116 cells for immunoprecipitation assays were prepared by lysing cells in 250 ml of lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 10% glycerol and 1.0 mg/ml of protease inhibitors (aprotinin, leupeptin and pepstatin A). Lysates were clarified by centrifugation and the supernatant was subject to immunoprecipitation. For immunoprecipitations, 250 ml of whole cell extract was diluted to 800 ml in lysis buffer then pre-cleared with 20 ml of protein A/G agarose beads (Santa Cruz Biotechnology) for 1 h at 48C. Samples were centrifuged and the supernatant was incubated with 10 ml of anti-FLAG M2 affinity agarose gel (Sigma) or anti-HA agarose beads (Sigma) overnight at 48C. Samples were washed four times with wash buffer containing 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween, 0.2 mM EDTA and 10% glycerol. Proteins bound to the beads were denatured with sample buffer and analyzed by western blotting following SDS -PAGE and electrophoretic transfer to PVDF membrane. Immunoprecipitation of endogenous proteins was performed using nuclear extracts from HeLa cells in G1/S or M phase by subjecting them to a double thymidine block. Briefly, cells were trypsinized and freshly plated in medium containing 2.5 mM thymidine for 18 h. Cells were washed and recovered for 8 -9 h in complete medium and again treated with 2.5 mM thymidine for 17 h. The cells were harvested (G1) or washed and recovered in complete medium for 8 -9 h and harvested for nuclear extract (M phase). The nuclear extracts were prepared as described by Tsai and Carstens (52) and were subject to immunoprecipitation as described previously (49) using antibodies against endogenous CENP-C or DNMT3B. Antibodies are listed in Supplementary Material, Table S1 .
For testing siRNA knock down efficiency, whole cell extract from transfected cells was resolved on 10% SDS -PAGE gels and transferred overnight onto PVDF membrane. The membrane was blocked in 5% milk in TBST. Expression of the relevant proteins after 72 h of siRNA KD was determined by probing for DNMT3B and CENP-C using the antibodies listed in Supplementary Material, Table S1 . GAPDH antibody was used to determine the total protein loading for these samples.
siRNA knock downs
Endogenous DNMT3B and CENP-C were knocked down using the pre-designed siRNA Smart Pool from Dharmacon. The siRNA transfection was performed twice over a period of 72 h with Dharmafect transfection reagent according to the manufacturer's instructions. The siRNA treated cells were processed for DNA, RNA, protein or chromatin 72 h post-transfection.
Quantitative reverse transcriptase -PCR
Quantitative PCR was performed as described previously (49) . Total mRNA expression was analyzed by qRT -PCR for human DNMT3B and CENP-C. GAPDH expression was measured as an internal control. The mRNA expression was normalized to GAPDH expression levels using the (2 (Ct(GAPDH)2Ct(DNMT3B) ) for DNMT3B expression and (2 (Ct(GAPDH)2Ct(CENPC1) ) for CENP-C. Sequences of primers used for the qRT -PCR are listed in Supplementary Material, Table S2 .
Satellite repeat transcription analysis
Total RNA was prepared from cells transfected with CENP-C or DNMT3B siRNAs as well as a control (mock) sample using the RNAeasy kit with DNase treatment according to the manufacturer's instructions (Qiagen). Transcript expression was analyzed by qRT -PCR with human alpha satellite-specific primers (Supplementary Material, Table S2 ). Human GAPDH expression was measured as an internal control. The transcript expression was normalized to the GAPDH expression levels using the formula (2 (Ct(GAPDH)2Ct(satellite alpha) ). Satellite 2 transcript analysis was performed using semi-quantitative RT -PCR with primers 5 0 -TTT CCG TTT GGT GTT GAT AC-3 0 and 5 0 -ACA GAA TTG AAT GGA ATG GTC-3 0 . The quantification of SAT2 expression was performed using BioRad Quantity One Image analysis software and normalized to GAPDH expression.
Bisulfite genomic sequencing
Genomic DNA extracted from cell lines was bisulfite treated as described previously (51) . Bisulfite treated DNA was used as a template to amplify satellite regions of interest using primers listed in Table S2 . The PCR product amplified from bisulfite treated DNA was gel purified using the Qiaex II gel extraction kit (Qiagen) and TOPO cloned using the TA Cloning Kit (Invitrogen). Cloned products were sequenced in a 96-well plate format using the M13 reverse primer at the University of Florida Interdisciplinary Center for Biotechnology Research and methylation levels analyzed. Statistical significance was determined using the x 2 -test.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
